Abstract-We report the first continuous-wave (CW) operation single-mode, low-threshold, passive antiguide region (PAR) vertical-cavity surface-emitting laser (VCSEL) using organometallic chemical vapor deposition (OMCVD) for the regrowth of the PAR structure. With improved laser wafer design, fabrication process and regrowth design, a stable single fundamental mode at high currents has been achieved experimentally for laser aperture as large as 16 m diameter.
We previously reported a large aperture single-mode VC-SEL design with the use of a passive antiguide region (PAR) surrounding the VCSEL cavity to suppress higher order transverse modes [11] . In that work, we achieved single-mode low-threshold PAR VCSEL's regrown by OMCVD in pulsed operation and regrown by molecular beam epitaxy (MBE) in CW operation. The MBE regrowth was fairly complicated since it required the reactive ion etching (RIE) to be performed in an ultrahigh vacuum (UHV) chamber connected to an MBE growth chamber. The regrowth is isotropic with polycrystalline deposition on top of the SiO mask, which made the postregrowth processing highly difficult. The OMCVD regrowth, on the other hand, resulting better crystal quality, typically with nothing grown on the SiO mask, more planarized surface and easy post-regrowth processing.
The main difficulties of the PAR structure fabrication lie in the regrowth on AlAs interfaces and also the leakage current occurring to the laser. Here we address these two issues. In this paper, we report the first single-mode, lowthreshold VCSEL's regrown by OMCVD operating in room temperature, CW operation. This is accomplished with a series of improvements in etching technique, regrowth structure design and MBE wafer design. We obtained more than 99% yield with high uniformity in CW operated PAR VCSEL. Yield here means the percentage of VCSEL's with acceptable threshold current and voltage. Further, we used isolation etch and wet-thermal oxidation process in conjunction with PAR structure to study the leakage currents in the VCSEL's. We found that most of the leakage current is due to shunt path through neighboring lasers, and thus isolation etching is very effective to reduce the leakage current. Finally, by combining the multimode rate equations with the beam propagation calculation, a detailed mode selection analysis is presented. Single-mode lasing criteria for VCSEL is derived using the newly defined mode suppression parameters (MSP). This paper is organized as following: The detailed laser design and fabrication processes are described in Section II, followed by the description of the experimental results in Section III. The theoretical analysis is described in Section IV. Finally, a short discussion and some concluding remarks are given in Section V.
II. LASER DESIGN AND FABRICATION
A PAR VCSEL applies antiguiding effect to select the fundamental transverse mode. By regrowing a high-index material along the laser posts, high-order modes suffer higher losses and are thus suppressed from lasing. The schematic of a PAR VCSEL is shown in Fig. 1 . Typically, the VCSEL wafer is patterned with SiO to form the etching and regrowth mask. The wafer is dry etched to form laser posts. A wet chemical etching follows to remove the dry etching damages. The current blocking high-index material is then regrown around the laser post to planarize the lasers, as well as forming the antiguide cladding region. The SiO mask on the laser top are subsequently removed and p-metal contact is evaporated.
In this work, specific refinements on devices design and fabrication process over our previous work are outlined below. First, high-quality crystal regrowth on AlAs interface is difficult to achieve due to its rapid oxidation when exposed in air. We obtained good crystalline regrowth in our previous work by reducing the AlAs interface air-exposing time. However, the device yield was very low and only operated in pulsed condition. To improve the regrowth quality, we employ a new VCSEL heterostructure with Al Ga As-GaAs as the top DBR, rather than AlAs-GaAs. Further, in situ optical monitoring system is used during the MBE growth to ensure wavelength matching between the Fabry-Perot cavity and the quantum well gain [12] .
The second modification involves the etching depth of the laser posts before regrowth. The etching is carefully calibrated to stop right at the active area before the regrowth. This ensures effective antiguiding without excessive leakage current. A brief buffered HF etching is performed to etch away remnants of exposed Al Ga As to avoid poor regrowth. Care was taken that no visible undercut existed for the Al Ga As layers since a voided structure will annihilate the antiguiding effect.
The third modification is on the profile of the pre-regrowth laser posts. Just before the regrowth, a wet chemical etching is performed to remove the dry etching damage as well as native oxide formed on the exposed surface of the sample. From a series of experiments, we learned that good OMCVD regrowth can also be achieved on a straight sidewall, contrary to what is commonly believed. We studied this because we noticed that OMCVD regrowth is not isotropic. A vertical sidewall around the laser post facilitates a better layered current-blocking ni-p-i-doped material regrowth to greatly reduce the leakage current through the regrowth region. Thus only minimum wet etching is used to maintain a relatively straight sidewall.
The fourth modification is on the regrowth structure design. The regrowth starts with two periods of undoped, 0.5-m thick GaAs-Al Ga As layers, followed by two periods of four alternatively n-i-p-i doped, 0.1-m-thick Al Ga As layers, and finally a 0.2-m undoped GaAs cap layer. The thick undoped layers are introduced to reduce the leakage current spreading from the laser post to the regrown region.
By introducing these modifications, the post-regrowth wafer surface was shining across the whole wafer in all of our five tries, indicating uniform and excellent crystal regrowth across the whole wafer from run to run.
Finally, a SiN isolation layer is introduced under the contact Ti-Au pad. Before the contact pad, a layer of selfaligned pure gold is deposited on the laser top to ensure a high-top mirror reflectivity. A thick contact layer ( 5000Å) is used due to a small vertical step ( 0.4 m) between the laser post and the regrown region. The contact is annealed at 400 C for 30 s to reduce the contact resistance.
III. EXPERIMENTAL RESULTS
The lasers are tested under continuous-wave (CW) operation at room temperature without heat sinking. Typical light versus current ( -) and current versu voltage ( -) curves for 16-and 40-m diameter PAR VCSEL's are shown in Fig. 2 [13] .
The regrowth and the laser fabrication is shown to be a highly reproducible and uniform process. We performed three different runs in a time span of six weeks, very high yield ( 99%) are all achieved for the PAR VCSEL's and the laser performance are highly uniform and reproducible across the typical 1.5 cm 1.5 cm samples. The threshold current distribution of one PAR VCSEL's sample is shown in Fig. 3 . The average threshold current for these 16-m diameter PAR VCSEL's is about 5.3 mA with a standard deviation of 0.9 mA and a minimum value of 4.0 mA. This distribution obeys adistribution, rather than a Gaussian distribution, as proven by our novel yield theory [14] . The average threshold voltage of these lasers is 2.27 V, with a standard deviation of 0.21 V and a minimum value of 1.91 V.
The schematic of a newly processed PAR VCSEL is shown in Fig. 4(a) . To further study the finite leakage currents shown in Fig. 2 , we designed a sequence of experiments performed on the same sample. The experiments involves two steps as shown in Fig. 4(b) and (c). The lasers are carefully analyzed before and after each step. An isolation etching is first made between the lasers as shown in Fig. 4(b) . Subsequently, the PAR VCSEL's are placed in a wet-thermal oxidation furnace to oxide the AlAs layers in the bottom DBR as shown in Fig. 4(c) . The oxide aperture is designed to be about 15 m larger that the PAR VCSEL aperture thus it only eliminates the leakage current through the oxidized regrown region but has no influence on the lasing mode selection. The threshold current distribution after the isolation etch for 16-m diameter PAR VCSEL's is shown in Fig. 5 . The threshold current is 3.2 0.6 mA with a minimum value of 2.65 mA. The average threshold voltage of these laser is 2.06 0.2 V, with a minimum value of 1.78 V. It can be seen that after the first isolation etch, the threshold current decreased by about 40% and the threshold voltage decreased by about 9%. There is only a slight change (3%) in threshold current and no visible change in threshold voltage after the Fig. 4(c) oxidation. Thus we can see that most of the leakage current is shunted through the neighboring lasers, while little goes through the regrown current blocking layer. By performing an isolation etch, the PAR VCSEL's show threshold currents more that 40% better than the air-post VCSEL's. This confirms further that very good crystalline regrowth is achieved for laser post surface passivation. To achieve single-mode lasing for these bottom emitting lasers, the wafer is antireflection coated to avoid the back reflection into the laser cavity from the substrate/air interface.
Typical -and -curves for a 16-m diameter isolationetched PAR VCSEL are shown in Fig. 6 . The smoothcurve is the first indication that single-mode lasing is achieved. Its near field profile at various pumping level is shown in Fig. 7 . The full width at half maximum (FWHM) of the laser is about 7.4 m. We can see that a stable, single-mode emission is maintain until . The spectra of the PAR VCSEL at different pumping level is shown in Fig. 8 . It can be seen that single-mode emission Fig. 4(b) . The threshold current decreases a lot after the isolation etch. is maintained until with at least 20-dB side-mode suppression, with a maximum single-mode power of 1.7 mW.
The PAR VCSEL maintains a fixed polarization direction along one of the crystal orientations during the single-mode operation range. The polarization of a 16-m PAR VCSEL is shown in Fig. 9 . About 10-dB polarization extinction ratio is maintained attributed to certain asymmetry introduced in the etching and regrowth process.
IV. THEORETICAL ANALYSIS ON TRANSVERSE-MODE SELECTION
To study the mode selection in the PAR VCSEL, the modal losses for each mode were calculated using beam propagation analysis [15] . However, those numbers do not indicate how effective mode selection is. The mode competition and selection in a laser is governed by the multimode rate equations. Thus, to qualitatively determine the mode suppression in a laser, we need to plug in the modal gain (loss) values into multimode rate equations and evaluate the mode suppression ratio (MSR).
The multimode rate equations governing the mode competition is repeated below for reference, where is the power in the th mode, is the gain coefficient, photon loss coefficient, and spontaneous emission coefficient of the th mode, respectively. is the injection current density, is the carrier lifetime, is the active area thickness, and is the electron charge. In CW operation condition, we can rewrite the rate equations as where, From the multimode rate equations, the MSR can be found out as where the mode suppression parameter (MSP) are defined as is the ratio of the fundamental mode power and that power at threshold . It is determined by where and is the pumping current and the threshold current, respectively.
The dependence of the mode suppression ratio on the mode suppression parameter for a typical VCSEL is plotted in Fig. 10 . From the curve, we can see that to reach a 20-dB mode suppression ratio, MSP is required. To verify the validity of this criteria, we have studies the oxide-confined VCSEL using beam propagation method [16] .
The MSP values of a typical oxide-confined VCSEL with various sizes are shown in Fig. 11 . It can be seen that the condition MSP 0.05 is only satisfied with a laser aperture size smaller than about 3.5 m. Thus, single-mode lasing can This has been verified in [7] . only be achieved with a laser size smaller than about 3.5 m. This is in well agreement with the experiments [7] .
Beam propagation method is also used to analyze the PAR VCSEL [15] . The MSP values of the PAR laser with various size are shown in Fig. 12 . It can be seen that single-mode lasing criteria is satisfied by the PAR VCSEL's for a laser diameter as large as 19-m diameter.
V. DISCUSSION AND CONCLUSION
We have shown that PAR VCSEL has excellent mode selectivity, with a slightly higher threshold than that of the oxide-confined VCSEL, which tends to emit multimode. It would be ideal if we can combine these two structures together, using the PAR structure to select the mode and the oxidation aperture to reduce the threshold current. This is possible because a 200-Å-thick oxide layer will only cancel the antiguiding effect of an approximately 1000-Å-thick antiguiding layer. With a typical regrowth thickness of 3 4 m, the final PAR VCSEL will still be a strongly antiguiding laser.
Although PAR VCSEL's are fabricated at around 950-nm wavelength in this case, the structure is also applicable to a wide wavelength range. The passive antiguiding effect can also be used in edge emitting lasers to adjust the mode selection and modify the beam shape.
VI. CONCLUSION
We report the first CW single-mode, low-threshold, PAR VCSEL using OMCVD for the regrowth of the PAR structure.
With improved laser wafer design, fabrication process and regrowth design, a stable single fundamental mode at high currents has been achieved experimentally for laser aperture as large as 16-m diameter. Very high yield (more than 99%) PAR VCSEL's are achieved with high uniformity. Isolation etch along is used and reduces the threshold current by about 40%. Using multimode rate equations and beam propagation method, single-mode lasing criteria is derived for VCSEL by newly defined mode suppression parameters (MSP). PAR VCSEL is shown to be a very efficient structure to maintain single transverse mode operation. We believe that PAR VCSEL should find numerous applications where singlemode, single beam spot or single frequency are desired, such as in optical printing, optical memory system, and high-speed communications.
